Four kinds of Mg-x mass%Zn-y mass%Al (x ¼ 6, 8, 10, 12 and y ¼ 3, 4, 5, 6) alloys, each with a grain size of 2$3 mm and containing quasicrystal phase particles, were successfully produced by casting and extrusion. These rare-earth free wrought processed magnesium alloys showed a reduction in mechanical asymmetry and a weak basal texture. Although the yield strength improved, the elongation decreased with increasing volume fraction of quasicrystal phase particle. The decrease in ductility was related to the existence of coarse quasicrystal phase particles. The strength was affected by the interface strength mechanism; however, the coherency strain in the quasicrystal phase was smaller than that in the conventional phase, due to the strong matching between the matrix and the quasicrystal phase.
Introduction
Magnesium alloys have great potential as structural materials because they are the lightest of all structural alloys in industry. To be used in structural applications, the alloy's mechanical properties, such as strength and ductility, must be sufficient to satisfy both reliability and safety requirements. Magnesium has a large Taylor factor compared to the other materials due to the lack of slip system, and thus, the grain refinement is sufficient for improving the strength. In addition, the elongation-to-failure tends to increase by the refinement of the grain structures, as a consequence of the grain boundary sliding and the activation of non-basal slip systems. The dispersion of the particles is also known to improve the mechanical properties in metallic materials. Therefore, the dispersion of particles in the fine-grained matrix is one of the effective microstructural control methods for enhancing the mechanical properties.
The icosahedral phase with a quasi-periodic structure differs considerably from the crystalline phases. This phase possesses a five fold symmetry and does not have translational symmetry. This phase also occurs in equilibrium with a matrix phase 1) when particles are dispersed, showing a definite orientation relationship and a strong interface, 2) i.e., the formation of a coherent interface between the matrix and the particle. The formation of a quasicrystal phase has been confirmed in the Mg-Zn-RE (RE = Y, Gd, Tb, Dy, Ho and Er) systems through various experiments, [3] [4] [5] and the quasicrystal phase has been studied as a strengthening phase. [5] [6] [7] [8] [9] [10] [11] [12] [13] These magnesium alloys exhibit excellent properties, such as high ductility and toughness with good strength at room temperature, 5, [8] [9] [10] [11] [12] high performance for the secondary formability 13) and good stabilization at elevated temperatures. 6) However, all these alloys require RE elements to form the quasicrystal phase, which is problematic from both economical and ecological points of view. Some recent reports have shown that the structure of a phase, i.e., Mg 32 (Al,Zn) 49 : -phase, is characterized by clusters of five fold symmetry in the Mg-Zn-Al system, 14) and the rapidly solidified Mg 32 (Al,Zn) 49 alloy could form the quasicrystal phase, which was confirmed by transmission electron microscopy and X-ray diffraction. 15, 16) Furthermore, this phase has been reported to be stable at a temperature of 598 K using a cast Mg-8 mass%Zn-4 mass%Al alloy. 17) More recently, our study was also able to produce the wrought Mg-8 mass%Zn-4 mass%Al alloy successfully with a dispersion of the quasicrystal phase particle into the fine matrix. 18) However, (i) the possibility of producing the wrought-processed alloy through other additional compositions of aluminum and zinc atoms and (ii) the detailed effects of the dispersion of quasicrystal phase particles on the mechanical properties, i.e., strength, has not been investigated, yet. Therefore, several Mg-Zn-Al alloys were used to examine the microstructures and mechanical properties in this study.
Experimental Procedure
Five kinds of Mg- (4, 6, 8, 10, 12) mass%Zn-(2, 3, 4, 5, 6) mass%Al alloys (hereafter denoted as, ZA42, ZA63, ZA84, ZA105, ZA126) were used in the present study. They were produced by casting, and the chemical compositions were determined by an inductively coupled plasma mass spectrometry (listed in Table 1 ). The phases were identified by X-ray diffraction (XRD) using Cu-K radiation in the selected cast alloys. The cast alloys were extruded with a reduction ratio of 25 at a speed of 0.2 mm/s to refine the microstructure. The extrusion temperature was set to 503$523 K to obtain similar grain sizes in all the alloys. The microstructures were observed by laser microscopy, electron backscattered diffraction (EBSD) method and transmission electron microscopy (TEM). The samples for the EBSD measurements were prepared by polishing with diamond slurries (10, 3 and 1 mm) and colloidal silica slurry, and then etched for several seconds in a solution of 10 ml HNO 3 , 30 ml acetic acid, 40 ml H 2 O and 120 ml ethanol. TEM foils were mechanically polished and then thinned to perforation by ion-milling. The microstructural observations were made in the middle of the extrusion direction-transverse direction (ED-TD) plane for all the alloys. Tensile and compression tests were performed at an initial strain rate of 1 Â 10 À3 s À1 at room temperature. The tensile specimens with a gauge length of 15 mm and a gauge diameter of 3 mm and the compression specimens with a height of 8 mm and a diameter of 4 mm were machined from the extruded bars. The tensile and compression axes of these specimens were parallel to the extrusion direction.
Results and Discussion
The XRD patterns of the cast alloys are shown in Fig. 1 . This figure shows that the pattern is dependent on the additional composition of aluminum and zinc atoms. The quasicrystal phase and -Mg were confirmed in the ZA84 and ZA105 alloys. However, the peaks of the ZA42 alloy did not correspond to the quasicrystal phase but to the -phase. It seemed difficult to form the quasicrystal phase in the ZA42 alloy, and thus, the investigation of the ZA42 alloy was discontinued at this point.
Typical TEM bright field images of the extruded alloys are shown in Fig. 2 . The sizes of the -Mg phase are around 2$3 mm in each alloy, and the particles are found to disperse into the matrix. This figure includes the selected area electron diffraction (SAED) patterns of the particles in each alloy.
Since the SAED patterns of the particles are quasicrystalline, the present extruded alloys are found to contain the quasicrystal phase; the successful dispersion of the quasicrystal phase occurs not only in ZA84 alloy but in other ZAsystem magnesium alloys as well. The existence of the quasicrystal phase is observed even in the cast state. Thus, the quasicrystal phase did not change to some other phase during the wrought process at temperatures of $ 523 K.
Typical microstructures in the extruded alloys by the EBSD observations are shown in Fig. 3 . The structures of these alloys are not elongated to the extrusion direction, i.e., they contain equi-axed grains and are quite homogeneous structures. The average sizes of the -Mg phase, i.e., grain size, from the EBSD methods in the extruded alloys are the almost similar at 2$3 mm. The average grain size of each alloy is listed in Table 2 . This figure shows the existence of black-color bands and/or parts, marked by the white arrows. The volume fraction of these parts increases with the addition of zinc and aluminum atoms. The Kikuchi-pattern that appears at the parts marked by the white arrows, which was analyzed by EBSD measurements, is shown as an inset in this figure. Since the consistency of the pentagon pattern is confirmed in this image, these parts are recognized as the quasicrystal phase. Inverse pole figure (IPF) images obtained from the EBSD analysis are shown in Fig. 4 . The peak intensity tends to accumulate at h10-10i or to exist at h10-10i, as in the conventional extruded magnesium alloys. 19) The maximum peak intensities in all the alloys are about 1:9$2:1. Since the maximum peak intensity in the extruded Mg-3 mass%Al-1 mass%Zn alloy is found to be 4.7 under the same EBSD measurement conditions, 18) the present alloys have a weak basal texture. The tendency of the weak basal texture has been observed in other Mg-Zn-RE alloys with the dispersion of the quasicrystal phase.
9) Figure 4 also shows that the maximum peak intensity decreases with increasing the volume fraction of the particles in-spite of the small degree where d is the average grain size, d p is the particle radius (except for coarse-particle of more than 1 mm), V f is the particle volume fraction, tys is the yield strength in tension, UTS is the ultimate tensile strength, is the elongation-to-failure and cys is the yield strength in compression. 
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of the reduction of peak intensity. The presence of large size particles prevents the localized deformations from perturbing the texture. 20) The initial microstructures show that the fraction of coarse quasicrystal phase particles increase with the addition of aluminum and zinc atoms, i.e., extruded ZA105 and ZA126 alloys. Thus, it is assumed that the quasicrystal phase particle with coarse sizes does not have an effect on the reduction of the maximum peak intensity.
Nominal stress and nominal strain curves for tensile and compression tests at room temperature are shown in Fig. 5 . The results of the mechanical properties are listed in Table 2 . The yield strength in tension and compression increases, but the ductility decreases with the addition of aluminum and zinc atoms. Compared to the other particles, it is more difficult for the quasicrystal phase particle to become the site of fracture during plastic deformation due to the strong matching between the particle and the matrix. 5) On the other hand, since the quasicrystal phase itself is very brittle, 21, 22) the coarse quasicrystal phase particle itself fracture, i.e., originate the fracture. This figure also shows that the yield strength in tensile and compression is almost the same. The conventional wrought processed magnesium alloys show mechanical asymmetry, i.e., higher yield strength in tension compared to that in compression. The mechanical asymmetry is related to a strong basal texture. When the tensile force is applied to the hci-axis, the {10-12} type deformation twins is known to form quite easily by the low applied stress. 19) However, the stress to form this type of twins increases with grain refinement 23, 24) and this stress is sensitive to the basal texture distribution. 25, 26) Thus, the reduction in mechanical asymmetry is due to the fine-grained structures and the weak basal texture in the present alloys.
The effect of the dispersion of quasicrystal phase particles on strength is hereafter discussed. When the interface between the matrix and particle has coherency, the interface strengthening, int , is considered, which is given by; 27, 28) 
where is a constant (¼ 3   28) ), G is the shear modulus (¼ 16:6 GPa 29) ), M is the Taylor factor (¼ 3 30) ), " int is the coherency strain, r is the particle radius, V f is the volume fraction of the particle and b is the Burgers vector (3:21 Â 10 À10 m 31) ). The yield strength of metallic materials is influenced by some strengthening mechanisms and can be expressed as a sum of these mechanisms. The yield strength in the present alloys is assumed to affect not only the interface strengthening but the grain boundary strengthening, GB , and the solid solution strengthening, sol , as well. Therefore, the following equations could be considered;
and
where is the constant (¼ 1=550
32)
), " is the misfit strain, C is the composition of the additional atom, k is the grain boundary strengthening coefficient (¼ 210 MPaÁmm 1=2 33) ) and d is the grain size. The misfit strain, ", is reported to be 0.14 for Mg-Al and 0.20 for Mg-Zn, respectively. 34) The composition of C is estimated to be about 1.8 at% for aluminum into magnesium and 1.8 at% for zinc into magnesium at the present extrusion temperature of $523 K from the phase diagram. 35) Each of the strengthening values is calculated using eqs. (1)- (4), and is listed in Table 3 . The effect of grain boundary strengthening on strength is almost the same among the alloys, because all the alloys have an average grain size of 2$3 mm. In addition, all the alloys have the same influence on solid solution strengthening. Since the minimum compositions of aluminum and zinc atoms of the extruded alloys are 2.8 and 2.3 at% (¼ 3 and 6 mass%) in this study, the additional composition exceeds the maximum solubility. Thus, the difference in the strength is related to the interface strengthening. The coherency strain in the MgZn-Al alloy is calculated using the value of int and the quasicrystal phase particle morphologies (Table 2) , which are measured by microstructure observation and except for coarse-particle of more than 1 mm. The estimated values of " int in the Mg-Zn-Al alloys and the reported values in the other alloys 27, 28, 36, 37) are listed in Table 4 . The coherency strain of the quasicrystal phase particle is smaller than that of the other particles. One of the reasons for the lower coherency strain is the strong matching between the matrix and the quasicrystal phase, which has a quasi-periodic structure.
Lastly, the effect of the Orowan strengthening on the strength is discussed. When the particle is dispersed in the matrix, the Orowan mechanism, ORW , has a influence on the strengthening mechanism, which is given by:
where is the Poison ratio (¼ 0: 35 29) ) and is the particle spacing. The strengthening by the Orowan mechanism is estimated to be 127, 201, 320 and 671 MPa in the ZA63, ZA84, ZA105 and ZA126 alloys, respectively. The estimated values of ORW tend to increase with the addition of aluminum and zinc atoms due to the increase in the volume fraction of quasicrystal phase particles. However, the sums of each strengthening mechanisms, GB , sol and ORW , are found to be larger than that of the yield strength in all the present alloys. This results in the consideration of the incoherency interface between the matrix and the particle in the Orowan mechanism. Thus, it is concluded that the present alloy is not affected by the Orowan strengthening.
Summary
The possibility for producing a rare-earth free wroughtprocessed magnesium alloy and the effect of dispersion of the quasicrystal phases on the mechanical properties was investigated using five kinds of Mg-Zn-Al alloys in this study.
(1) The existence of the quasicrystal phase was not confirmed in the ZA42 alloy; however, four kinds of Mgx mass%Zn-y mass%Al (x ¼ 6, 8, 10, 12 and y ¼ 3, 4, 5, 6) alloys were successfully produced by casting and extrusion.
(2) The microstructural observations showed that the rareearth free wrought processed magnesium alloys had a finegrained structure with a dispersion of the quasicrystal phase particles. They also showed the reduction of mechanical asymmetry and a weak basal texture.
(3) The yield strength improved; however, the elongation decreased by increasing the volume fraction of quasicrystal phase particles. The reduction in ductility was related to the existence of coarse quasicrystal phase particles. The strength was influenced by the interface strengthening mechanism with a lower coherency misfit. 
